In this work, the formation of a Zr-based metal-organic framework (MOF), Zr-fumarate MOF (Zr-fum MOF), is studied in situ by energy-dispersive diffraction. The Zr-fum MOF can be synthesised in DMF as well as in water-based synthesis systems. In both cases, its formation requires modulation, i.e. a monocarboxylic acid which is used as the modulator has to be added to the synthesis mixture. In general, different mechanisms of modulation are possible, for example, deprotonation of the linker molecule (deprotonation modulation) or coordination modulation (wherein the molecules of the modulator compete with the linker molecules for the coordination sites at the inorganic building units). Independently of the specific mechanism, modulation often improves the reproducibility of the MOF synthesis and the crystallinity of the product and may be used to control crystal size and morphology. This study is the first to investigate the kinetics of modulated MOF syntheses with regard to coordination modulation. According to this concept, the addition of a modulator usually decelerates the reaction. Our kinetic investigations show that this is the case for the formation of Zr-fum MOF in the water-based synthesis with formic acid used as a modulator.
Introduction
In recent years, metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) have been the focus of intensive research. The porous network and the associated high surface areas as well as the wide variability in chemical functions have demonstrated MOFs as a novel class of fascinating materials for various applications such as gas storage, 1 separation, 2-4 catalysis, 2-4 sensing, 5 and drug delivery systems. 6, 7 Although a large number of MOFs have been synthesised so far, 8 the crystallisation process has rarely been investigated.
Correspondingly, details of the reaction and crystallisation mechanisms have remained rather unexplored, and the conditions for the synthesis of a certain MOF are often determined by undirected explorative work. This lack of knowledge also hampers the preparation of MOFs in certain shapes like nanoparticles, single crystals, or thin films, etc. as well as the fabrication of composites, although this shape control is often important for applications. The crystallisation behaviour of MOFs depends strongly on the reaction conditions like temperature, concentration of the reactants and the solvent chosen. Another interesting way to influence the outcome of a MOF synthesis is the application of modulation. In such modulated syntheses, a modulating agent -usually a monocarboxylic acid -is added to the reaction mixture. Previous studies on the synthesis of Zr-based MOFs have shown that modulation enhances the reproducibility of the synthesis and can increase the crystallinity of the products. In some cases, modulation allows control of the shape 11 and the size of the formed crystals, ranging from nanoparticles to single crystals. 13 It is worth noting that some Zr-based MOFs we have prepared are only accessible when modulation is applied. 9, 14, 15 In general, different modulation mechanisms are conceivable. In deprotonation modulation, the modulator enhances the deprotonation of linker molecules (i.e. it acts as a base), thus facilitating the attachment of linker molecules to the inorganic building units (IBUs); consequently, the formation of a MOF framework is accelerated. This was shown to be the case in the synthesis of ZIF-8 with formic acid as the modulator. 22 In coordination modulation, the modulator competes with the linker molecules for the coordination sites at the IBUs as proposed in the first applications of modulated syntheses. 11, 12 In this way, the formation of amorphous precursors or zirconia gel in the beginning of the reaction is avoided. Nucleation and growth can then occur from dissolved species but proceed at a reduced rate due to the necessary exchange of the coordinated modulator with bridging linker molecules, i.e. reaction rates are decreased. Correspondingly, also the number of nuclei formed is small; these can grow to larger crystals, explaining the size control.
As the only prior kinetic study on modulated MOF syntheses 22 revealed a deprotonation modulation mechanism, we have performed the present study on the kinetics of the crystallisation of the Zr-fumarate MOF (Zr-fum MOF). This MOF can be synthesised in different solvent systems, namely, in DMF 9 and in water. 10 In both cases, it is necessary to apply the so-called modulation approach; there were indications in these syntheses that a coordination modulation mechanism is operative. 11, 12 In fact, the expected reduction in the reaction rate was observed qualitatively in the synthesis of different Zr-based MOFs. 13, 15 In contrast, the crystallisation of the Zr-fum MOF from DMF was surprisingly accelerated when the amount of the modulator formic acid was increased. 9 Other experiments by our group on the synthesis of Zr-based MOFs have already shown that the addition of water during modulated synthesis can also influence its outcome. 9, 13 Water accelerates the reaction and may even be necessary to obtain a highly crystalline product. 13 In fact, a certain minimal amount of water is absolutely necessary in order to build the inorganic building unit (IBU), as each of the Zr 6 O 4 (OH) 4 (CO 2 ) 12 IBUs, which are typical of many Zr-based MOFs, contains four oxo and four hydroxo ligands. In order to gain further insight into the mechanisms of modulated MOF syntheses, we have investigated the kinetics of the formation of the Zr-fum MOF, which can, as already noted above, be synthesised in DMF and in water-based solvent systems. Formic acid was chosen as the modulating agent. The kinetics were studied by in situ energy-dispersive X-ray diffraction (EDXRD) employing synchrotron radiation at beamline F3 at HASYLAB facility, DESY (Deutsches Elektronensynchrotron), in Hamburg, Germany.
Quantitative kinetic information is obtained because the intensity of the recorded Bragg reflections is proportional to the amount of solid that exhibits a diffraction phenomenon. 16 Kinetic evaluations of the so-obtained data are generally performed by applying a certain model. Calculations proposed by Avrami and Erofeev, [17] [18] [19] Sharp and Hancock,   20 and Gualtieri 21 are often used to study crystallisation behaviour and growth mechanisms. Here, we have chosen to present kinetic data obtained by the analysis using the Gualtieri method (eqn (1)), which shows that the degree of crystallisation α(t) is dependent on the time t, the fitting parameters a and b, the rate constant of growth k G and the dimension of growth n.
In contrast to the Avrami-Erofeev equation and the Sharp-Hancock evaluation method (which were developed for crystallisation processes in the solid state), the Gualtieri model was constructed to describe solution-mediated transformation reactions (i.e. crystallisation of zeolites from aqueous NaOH). It considers both relevant processes, that of nucleation (1/(1 + exp(−(t − a)/b)) term in eqn (1) ) and that of crystal growth ([1 − exp(−(k G ·t)
n )] term), separately. Therefore, this method appears to be especially well suited to describe the crystallisation behaviour of a MOF from a solution. The choice of the preferred evaluation method is discussed in more detail in the ESI † Section S1; there, the results obtained from our data when the Avrami-Erofeev and the Sharp-Hancock methods are used are also given to have better comparison with other kinetic studies on MOF systems. In the formalism according to Gualtieri, the total number of nuclei (which are of course not directly visible in diffraction experiments) is considered by including the fitting parameters a and b as well as the dimension of growth n and the rate constant of growth k G . 21 These fitting parameters can define the probability of nucleation P N , which describes the number of nuclei N present in dependence of the time t (eqn (2)), described by a Gaussian distribution, with a as the position of its maximum and b its variance.
Furthermore, the Gualtieri method differentiates between the rate constant of growth k G and the rate constant of nucleation k N , which is given as
Our investigation is the first kinetic report to study the coordination modulation synthesis of MOFs. Apart from the study on the formation of a zeolitic-imidazolate framework (ZIF) by Cravillon et al. investigating the deprotonation modulation of formate, 22 other studies have so far only concentrated on investigating the crystallisation of HKUST-1, 23 Fe-MIL-53, 23 Mn-MIL-100 (ref. 24) and Al-based MOFs (CAU-1 and CAU-1-(OH) 2 ). 25 There is also a study which is the first to focus on the formation of a Zr-based MOF, UiO-66. In this study, no modulator was applied, but hydrochloric acid was used as an additive. 26 Apart from the directly accessible rate constants, the evaluation methods mentioned above may also provide additional information on the reaction mechanism. For example, Ahnfeldt et al. 25 investigated the kinetics of Al-MOFs like CAU-1 and CAU-1-(OH) 2 using conventional and microwave heating. Based on their evaluation of the kinetic data, performed with the Avrami-Erofeev and the Sharp-Hancock formalisms, the authors postulated that the reaction occurs via different crystallisation mechanisms under different heating conditions. Whereas the microwave-heated reaction apparently proceeds via a diffusion-controlled mechanism (Avrami exponent n AE ≈ 0.6-0.8), conventionally heated reactions seem to proceed via a phase-boundary-controlled reaction (Avrami exponent n AE ≈ 1.0-1.1). However, the interpretation of the Avrami exponent (for a detailed discussion see the ESI, † Section S1) is not straightforward, 27 and similar
Avrami exponents may be obtained as a result of different mechanisms. 28 The investigation of the synthesis of MOF-14 The beamline received white synchrotron X-ray radiation from a bending magnet with a critical energy of 16 keV. A horizontal diffractometer with a heavy load sample stage was installed at the beamline station, equipped with a liquid nitrogen-cooled Ge solid-state detector covering selectable diffraction angles from 0°to 30°2θ. Collimator diameters were chosen between 200 and 300 μm 2 . The detector angle was set to 1.9°or 2.1°2θ. Syntheses were carried out in sealed 7 mL Duran® borosilicate glass tubes 1 cm in diameter and equipped with magnetic stir bars. These glass tubes were filled with the reaction mixture and then placed into a circulating oil-heater constructed by the group of Prof. Bensch from the University of Kiel. 30, 31 This heater consisted of an aluminium block and was heated by a thermostat via a circular oil flow. Reaction temperatures between 43°C and 140°C were chosen. The measured temperatures had to remain constant for 5 minutes prior to the start of a reaction. The delay time between the moment the reaction vessel was placed in the oven and the opening of the beam shutter was about 1 minute; during that time, a thermocouple indicated that the oil bath had again attained the reaction temperature. The diffraction spectrum covered an energy range from about 10 to 60 keV. The acquisition time for a spectrum was either 30 s, 60 s or 120 s. All reactions delivered the first spectrum after the delay time plus the acquisition time. Reactions were considered complete when the growth of the Bragg reflections of the Zr-fum MOF ended in a distinct saturation level.
Real-time evaluation of the raw data was performed using the programs F3tool and F3tool_extens (versions 0.3k and 0.04, respectively) by André Rothkirch from HASYLAB. The integration was then performed using F3tool by fitting the peaks to obtain the integral intensities of the Zr Kα 1 and Kβ 1 fluorescence lines as well as the 111 and 200 Bragg reflections of the Zr-fum MOF. The intensities of the Bragg reflections were normalised to the mean values of the fluorescence lines, thus accounting for the varying ring current, and then scaled from the mean minimal to the mean maximum intensity to obtain the extent of crystallisation α(t), the so-called crystallisation curves. Induction times t 0 could be obtained directly from the crystallisation curves and are defined as the time when the Bragg peaks could be observed for the first time. Fitting of the crystallisation curves according to the Avrami-Erofeev and Gualtieri equations was performed using the program OriginPro 8.5 by OriginLab, and all fittings according to the Sharp-Hancock model were performed using Microsoft Excel 2007.
Scanning electron microscopy
Scanning electron microscopy (SEM) images were taken using a JEOL JSM-6700F field-emission instrument with an acceleration voltage of 2 kV and a working distance of 3 mm. All samples were dispersed in ethanol and dropped onto a polished carbon block.
Synthesis procedures
2.3.1 Synthesis of Zr-fumarate MOF in a water-based system. Zr-fumarate MOF was synthesised in a water-based system by dissolving 48.2 mg of ZrCl 4 (0.2 mmol, 1 eq) in 4 mL of H 2 O (222 mmol, 1074 eq) at room temperature. To investigate the influence of the amount of the modulator, various concentrations of formic acid, 30-150 eq, were added. 72.8 mg of fumaric acid (0.6 mmol, 3 eq) were supplied as the linker. Due to its low water solubility, the fumaric acid was dispersed in the reaction mixture by shaking for approximately 2 min. All experiments were carried out at 43°C.
2.3.2 Synthesis of Zr-fumarate MOF in a DMF-based system. 24.1 mg of ZrCl 4 (0.1 mmol, 1 eq) were dissolved in 4 mL of DMF (52.0 mmol, 500 eq) at room temperature. In order to investigate the temperature dependence of the kinetics of this system, 0.27 mL of formic acid (7.3 mmol, 70 eq) and 36.4 mg of fumaric acid (0.3 mmol, 3 eq) were added and mixed until a clear solution was obtained. Reactions were performed at 100°C, 120°C, 130°C and 140°C.
The influence of the amount of the modulator was tested by adding various concentrations of formic acid, 70-130 eq, and 36.4 mg of fumaric acid (0.3 mmol, 3 eq). The mixture was stirred until a clear solution was obtained. All experiments were carried out at 120°C.
Furthermore, the influence of the water content in the DMF-based solvent system was examined by adding various amounts of water (0-70 eq) to a reaction mixture containing 24.1 mg of ZrCl 4 (0.1 mmol, 1 eq), in 4 mL of DMF (52.0 mmol, 500 eq), 0.27 mL of formic acid (7.3 mmol, 70 eq) and 36.4 mg of fumaric acid (0.3 mmol, 3 eq). These experiments were carried out at 100°C.
Results and discussion
The synthesis in a water-based system was performed by varying the amount of formic acid as the modulator. For synthesis in the DMF-based system, the effects of reaction temperature, the amount of the modulator and the water content were investigated.
In the evaluation of all reactions studied, the intensity evolution of the first intensive 111 Bragg reflection was considered. After a short induction time where no diffracting solid could be detected, the reflections gained intensity until they reached their respective maxima. The ratio of the integrated intensities I(t) and the maximum intensity I max gives the extent of crystallisation α(t):
When I(t) is equivalent to I max , the end of the reaction is reached. Fig. 1 shows a contour plot (Fig. 1a) , a 3D view (Fig. 1b) , and a crystallisation curve α(t) (Fig. 1c) derived from a typical data set taken during the formation of a Zr-fum MOF. Measurements were taken every 2 minutes. For the measurement in Fig. 1 , it can be deduced that the induction time is about 86 min and that the maximum intensity is reached after approximately three and a half hours. In all syntheses, no other crystalline phases except Zr-fum MOF were observed and the phase purity of the products was subsequently proved by powder X-ray diffraction (PXRD) measurements (ESI † Section S2).
Water-based synthesis
To study the crystallisation behaviour of the Zr-fum MOF synthesised in the water-based system, reactions were performed at 43°C. Reactions that were carried out at higher temperatures, e.g. at 120°C, were so fast that no crystallisation curves could be recorded. In these cases the reactions were already finished when the first diffraction patterns were measured around 2 min after the start of the reaction. Thus, the decrease in the reaction temperature to 43°C was appropriate to obtain evaluable measurement data.
To study the influence of the variation of the modulator concentration in a water-based synthesis, reactions were performed at 43°C; 70, 100 and 150 eq of formic acid were added. With low concentrations of the modulator, the reaction is very fast; the induction times are approximately 10 and 20 min for 70 and 100 eq of formic acid, respectively. When 150 eq of formic acid are added to the reaction mixture, the induction time increases to 86 min and the plateau corresponding to the end of the crystallisation process is reached much later (Fig. 2) . These results support the prevalence of a coordination modulation mechanism instead of deprotonation modulation, as the latter would result in shorter induction times by increasing the amount of the modulator. 22 Furthermore, deprotonation modulation should, in any way, play only a minor role due to the very acidic conditions caused by the hydrolysis of the Zr source. The addition of ZrCl 4 decreases the pH value dramatically to around 1 due to the formation of hydrochloric acid; all acids should be protonated to a very high degree under these conditions. Due to the low pH value attained after the addition of the Zr source to the synthesis mixture, no influence of the further addition of the modulating formic acid (or of the linking fumaric acid) on the pH value was found. The kinetic data were analysed by applying the Gualtieri method (kinetic data obtained by the evaluation according to the Avrami-Erofeev and the Sharp-Hancock formalisms are presented in the ESI, † Section S1.1). To obtain values of the kinetic parameters, all data of the crystallisation curves were fitted with the Gualtieri equation while keeping n constant at a value of 3, corresponding to three-dimensional growth. This assumption is justified by the cubic crystal system of the Zr-fum MOF and the observation that the crystal habit is isometric. 21 An exemplary Gualtieri fitting including the probability of nucleation P N is shown in Fig. 3 ; the kinetic parameters obtained for the different reactions are summarised in Table 1 .
From these values, it can be concluded that increasing the concentration of the modulator leads to a decrease in the nucleation rate as well as in the growth rate, again substantiating the idea of a coordination modulation mechanism.
SEM images of the products collected from the syntheses carried out at the synchrotron facility were obtained. Comparing the morphology of the samples prepared with 70 eq, 100 eq and 150 eq of formic acid (Fig. 4) , it can be observed that the particle size increases with increasing amount of the modulator applied.
These results can be explained by the concept of coordination modulation, which states that both nucleation and growth rates are reduced in the presence of a modulator due to the additional equilibrium involving the exchange of modulator molecules coordinated to the metal cations with linkers. The larger the amount of modulator added to the reaction mixture, the smaller is the nucleation rate k N ; therefore, fewer nuclei grow to larger particles, albeit with a decreased growth rate k G , allowing the formation of a highly crystalline material with well-defined particle morphologies and sizes. These insights into the coordination modulation mechanism regarding the formation of particles are in good agreement with previous qualitative observations on the Zr-fum MOF system.
9,10

DMF-based synthesis
The Zr-fumarate MOF can also be synthesised in a DMFbased system. By varying the temperature of the reaction, the activation energy can be calculated. Furthermore, the effects of the modulator concentration and of the addition of water on the reaction kinetics were investigated.
3.2.1 Variation of the temperature. Zr-fum MOF was synthesised in a temperature range between 100°C and 140°C, using the same synthesis batch composition consisting of ZrCl 4 /H 2 fum/formic acid/DMF in molar ratios of 1 : 3 : 70 : 500. Comparing the time dependence of the extent of crystallisation α(t) at different temperatures (Fig. 5) , it is obvious that a higher temperature leads to a faster reaction.
At 100°C, the reaction takes about 7 hours to reach complete crystallisation, whereas at 140°C the reaction is completed after only 1 hour. Furthermore, the induction time is significantly decreased by increasing the reaction temperature. The kinetic data were analysed by applying the Gualtieri method (results of Avrami-Erofeev and the Sharp-Hancock evaluations are given in the ESI, † Section S1.2) and are summarised in Table 2 .
The calculated k values affirm the previous statement. By increasing the temperature, both k values increase as well. Gualtieri's differentiation between the rate constant of (1) growth k G and the rate constant of nucleation k N illustrates that the time-defining step in this crystallisation process is the formation of nuclei. The calculation of the rate constants k G and k N at different temperatures T offers the opportunity to calculate the activation energies E A . With the help of the corresponding Arrhenius equations (eqn (5) and (6))
with the gas constant R and A being the pre-exponential factor, the activation energies of nucleation and growth can be determined. The corresponding Arrhenius plots are shown in Fig. 6 . The slopes of the linear regressions give the activation energies. The values are 71 ± 3 kJ mol −1 for E A (N), the activation energy of nucleation, and 66 ± 6 kJ mol −1 for E A (G), the activation energy of crystal growth. The calculated activation energies of nucleation and growth thus do not deviate much from each other, both being around 70 kJ mol −1 . It is tempting to speculate that both energies reflect the same chemical reaction, namely, the exchange of a modulator ligand on a Zr atom with a bridging linker, a reaction which should not be significantly influenced by the type of entity on which it occurs, i.e. on a small forming nucleus or on a large growing crystal. In general, the observed values are in good agreement with the activation energies observed in the crystallisation of other MOFs, like ZIF-8 (69 kJ mol −1 for E A (N), 72 kJ mol −1 for E A (G)) 22 and HKUST-1 (72 kJ mol −1 for E A (N), 64 kJ mol −1 for E A (G)). 29 In the case of Zr-fumarate MOF and HKUST-1 formation, nucleation seems to be the rate-limiting step, whereas in the ZIF-8 system, it is apparently crystal growth. MOF-14 (114 kJ mol −1 for E A (N), 83 kJ mol −1 for E A (G)) 29 and
Mn-MIL-100 (127 kJ mol −1 for E A (N), 99 kJ mol −1 for E A (G)) 24 show somewhat higher activation energies; in these cases, again nucleation seems to limit the reaction rate. A very (Fig. 7) show that the temperature variation only slightly affects the crystal size of the particles. There appears to be a slight increase in the average particle size with increasing temperature, ranging from ca. 100 nm to ca. 200 nm. As the amount of modulator is the same in all syntheses, the fact only a slight variation of crystallite size is observed is not unexpected. It is accompanied by the disappearance of smaller particles. The SEM images also show that with increasing temperature, the crystallites tend to exhibit more strongly pronounced faces. All these observations are in line with crystal ripening processes, which proceed faster at higher temperatures due to the increased solubility of the particles. The faces formed are (111) faces, obviously the energetically most favourable ones, as Zr-fum MOF crystals typically exhibit octahedral shapes.
3.2.2 Variation of the amount of the modulator. Similarly, reactions were carried out at 120°C with variation of the amounts of formic acid as the modulator (ZrCl 4 /H 2 fum/formic acid/DMF 1 : 3 : x : 500, 30 ≤ x ≤ 130). Experiments performed with 30 eq and 50 eq of formic acid result in a precipitation of the solid on the glass tube walls and were therefore not considered for further evaluation. Only the reactions with 70 eq, 100 eq and 130 eq of the modulator provided reliable results. The influence of the modulator on the time-dependent extent of crystallisation can be seen in Fig. 8 .
The induction time is, in all cases, approximately 20 minutes. Thus, the amount of the modulator does not have an apparent influence on the first precipitation steps in a DMF-based synthesis. This might be an indication of a heterogeneous nucleation process at the glass walls, which is not significantly affected by the modulator. To further rationalise this idea, one has to take into account that the surface chemistry of the glass walls might change by the addition of various amounts of the modulator, either by protonation of surface-standing silanol groups or by adsorption of modulator molecules. When only small concentrations of the modulator are present, the glass surface is active and nucleation and crystal growth take place there (as observed when 30 or 50 eq of modulator are added). When the reaction mixture contains 70 eq (or more) of formic acid, nucleation might take place at still active sites on the glass walls; however, crystal growth occurs in the solution.
A surprising fact is observed concerning crystal growth following nucleation: generation of the Zr-fum MOF product is faster and ends earlier the more formic acid is added to the reaction mixture; i.e. the behaviour contradicts the classical action of a modulator as observed in the water-based system and as rationalised by the coordination modulation concept. In contrast to the water-based synthesis (Section 3.1), where the addition of formic acid decelerated the reaction, the addition of formic acid increases the reaction rates in the DMFbased synthesis. This contradictory behaviour has been described before on a qualitative basis. 9 We ascribe this finding to the accelerating effect of water. Commercially available formic acid contains approximately 2-2.5% of water as the stabiliser. By increasing the amount of this formic acid in the synthesis, the water content is also concomitantly increased, explaining the obtained results. The acceleration of the formation of Zr-based MOFs in DMF by the addition of water has been described before 9 and has recently been quantified by kinetic studies on the formation of in DMF with various amounts of added water but without any modulator. For the formation of the Zr-fum MOF in DMF, a similar study is presented in Section 3.2.3, substantiating the mentioned hypothesis that adding formic acid accelerates the reaction due to its water content. In water-based synthesis, the water content of the commercially available formic acid does not play a role because water is present in large excess.
The quantitative results, obtained using the Gualtieri evaluation method, of these kinetic results are shown in Table 3 (for the results from Avrami-Erofeev and Sharp-Hancock evaluations, see the ESI, † Section S1.3). It can be seen that the rate constants only slightly increase by increasing the amount of formic acid x from k ≈ 0.01-0.02 (70 eq of formic acid) to k ≈ 0.03-0.04 (130 eq of formic acid). This appears reasonable as this is not an effect of the formic acid itself but of the small amounts of concomitantly added water. The differentiation between k G and k N reveals that during the formation of the Zr-fumarate MOF under these conditions, nucleation is probably the rate-determining step.
For this system, the kinetic data show that the decelerating action of the modulator molecules is outshone by the water concomitantly introduced by their addition. The strong sensitivity of the reaction to the presence of small amounts of water is not surprising, as the ZrCl 4 precursor molecules have to be hydrolysed in order to be able to form the inorganic building units of the MOF structure. A similar sensitivity to the presence of small amounts of water is observed in, for example, sol-gel processes starting from alcoholates and being carried out in the corresponding alcohol. That the modulator is working nevertheless, in spite of the contradictory kinetic data, becomes clear upon inspection of the SEM pictures of the formed products. These show that the particle sizes increased with increasing amounts of added formic acid (Fig. 9) . Taking this into account, a mechanism emerges where the water introduced generally accelerates the reaction by supplying higher quantities of hydrolysed zirconium species. The construction of the MOF framework, however, is still governed by the intermittent coordination of formic acid molecules to the zirconium ions.
3.2.3 Variation of the water content. To confirm the assumption that water introduced together with the formic acid is responsible for the more rapid formation of the Zr-fum MOF with increasing modulator concentration, the influence of the water content on a coordination-modulated synthesis has been investigated independently by in situ EDXRD measurements. For this purpose, reactions were carried out in DMF at constant temperature (100°C) and at a constant modulator concentration (ZrCl 4 /H 2 fum/formic acid/DMF 1 : 3 : 70 : 500). Additionally, a defined amount of water (0 ≤ x ≤ 70 eq) was added to the reaction mixture to investigate whether the water content influences the reaction rate. As a guideline, the amount of water added with formic acid inevitably corresponds to 3.7 eq of H 2 O when the amount of formic acid is 70 eq and is thus very small under these conditions. The recorded crystallisation curves, as depicted in Fig. 10 , indeed show a remarkable effect of the water content.
Without any additional water the precipitation of the resulting product starts after approximately 100 min. The reaction is quite sluggish and finishes after 9 hours. By adding only 5 eq of water, the induction time is more than halved, and by increasing the water content to 30 eq or even 70 eq the induction time is reduced dramatically (7 minutes and 3 minutes, respectively), although the modulator is still present in the reaction mixture. Thus, the reaction becomes faster the more water is added. These results can be quantified by analysis with the Gualtieri evaluation (Table 4 ; for data from Avrami-Erofeev and Sharp-Hancock evaluations see the ESI, † Section S1.4).
All k values strongly increase. By adding 70 eq of water, the rate constants increase by two orders of magnitude compared to synthesis without any additional water. This result Table 3 Kinetic parameters obtained by fitting of crystallisation curves with the Gualtieri equation. Crystallisation curves were measured for syntheses of Zr-fum MOF in DMF-based systems by varying the concentration (x equivalents) of the modulator formic acid (ZrCl 4 /H 2 fum/formic acid/DMF 1 : 3 : x : 500, 120°C) is confirmed by SEM images (Fig. 11) . It is found that the water content strongly influences the particle size as well. The particle size becomes smaller the more water is added to the reaction mixture. Without any additional water, the particle size is around 100 nm, whereas it decreases to around 20 nm when 70 eq of water are used. When the decelerating effect of the modulator is constant, an increase in the water content leads to faster formation of more nuclei. Since the amount of reactants remains constant throughout the experiments, these can grow only to small particles. All findings concerning the influence of water on the DMF-based modulated synthesis confirm the enormous bearing of water on the crystallisation behaviour. It has become clear that even small amounts of water as introduced by addition of formic acid to an otherwise water-free synthesis mixture has a notable influence on the reaction rate, as described in Section 3.2.2.
Conclusions
In this work we have investigated the crystallisation behaviour of the Zr-fumarate MOF from a water-based as well as in a DMF-based system in modulated synthesis. By applying energy-dispersive diffraction, the formation of the Zr-fumarate MOF was monitored in situ revealing a coordination modulation mechanism. Concerning the water-based synthesis, the modulating effect of the formic acid led to a deceleration of the reaction while the induction time increased. The higher the amount of the modulator added to the synthesis mixture, the slower the reaction proceeded. This result is in line with the concept of coordination modulation where the molecules of the modulator compete with the linker molecules for the coordination sites at the metal atoms.
On the contrary, in the DMF-based synthesis, the reaction is accelerated by increasing the amount of formic acid added. This effect can be attributed to the water content of the formic acid which is concomitantly added to the reaction mixture. This low water content of the commercially available formic acid becomes crucial when the reaction is performed in an organic solvent. Investigations concerning the influence of the water content in a DMF-based system proved that water has indeed a strong accelerating effect on the formation of the Zr-fumarate MOF. These findings show that MOF syntheses are very sensitive to the actual composition of the reaction batch and to the reaction conditions.
Quantitative evaluation of the measured data according to the Gualtieri equation 21 gives further insight into the mechanism of modulated reactions. It implies that in most cases the nucleation process is the rate-limiting mechanism, as k N < k G . When induction times are insensitive to the variation of the reaction conditions, as is the case in the synthesis of Zr-fum MOF in DMF-based systems by varying the modulator concentration, this can be an indication of heterogeneous nucleation, which is indeed directly observed in this system at a small modulator concentration (crystallisation on the glass walls of the container). The finding that the activation energies for nucleation and growth are very similar, as observed in the study of the reaction in the DMF-based system at variable temperatures, might be due to a coincidence, but does fit well to the concept of coordination modulation, which implies that nucleation and growth proceed via exchange of modulator molecules to linkers. A corresponding temperature-variable study on the reaction taking place in water would be very interesting. Clearly, more kinetic studies on the formation of MOFs are necessary. Unfortunately, timely access to corresponding high-level experiments at synchrotron beamlines is difficult.
Finally, our investigations suggest that the Gualtieri equation appears to be well suited for the evaluation of kinetic data from reactions where a solid is formed from a liquid solution.
